Nonsense-mediated mRNA decay (NMD) is a mechanism, which selectively degrades transcripts carrying premature termination codons (PTCs) and a variety of physiologic transcripts containing NMD-inducing features. In a recent study, we have found variable NMD efficiency among nasal epithelial cells obtained from cystic fibrosis (CF) patients. This variability was found for CF transmembrane conductance regulator (CFTR) transcripts carrying the W1282X PTC, as well as for several NMD physiologic substrates. Here, we aimed to investigate the possibility that variability in NMD efficiency is a more generalized phenomenon and is not restricted to nasal epithelial cells. To investigate this possibility, we analyzed the NMD efficiency of both a CFTR constructs carrying the W1282X PTC and b-globin constructs carrying the NS39 PTC, in HeLa and MCF7 cells. Variability in NMD efficiency was found for both constructs between the cells, such that in HeLa cells the NMD was highly efficient and in MCF7 the efficiency was significantly lower. Moreover, similar differences in the efficiency of NMD were found for five endogenous NMD physiologic transcripts. Altogether, our results demonstrate existence of cells in which NMD of all transcripts is efficient, whereas others in which the NMD is less efficient, suggesting that the efficiency of NMD is an inherent character of cells. Our results also suggest that variability in the efficiency of NMD is a general phenomenon and is not restricted to nasal epithelial cells. As NMD affects the level of many transcripts, variability in the NMD efficiency might play a role as a genetic modifier of different cellular functions.
Introduction
Nonsense-mediated mRNA decay (NMD) is a translation dependent post-transcriptional process in eukaryotic cells. This mechanism selectively degrades transcripts carrying premature translation-termination codons (PTCs), which are generally located 450 -55 nucleotides upstream from downstream exon -exon junction. The purpose is to prevent the synthesis of non-functional or potentially deleterious proteins. 1 Recently, it was found that NMD also degrades a variety of physiologic transcripts, which include transcripts with upstream open reading frame (uORF), transcripts containing introns in the 3 0 untranslated region (UTR) and transcripts derived from alternative splicing. 2 -6 In a recent study, we have shown that NMD efficiency considerably varies among three cell lines derived from nasal epithelium of cystic fibrosis (CF) patients. 7 We found variability in NMD efficiency for CF transmembrane conductance regulator (CFTR) transcripts carrying a disease-causing PTC, the W1282X mutation. Variability was also found for five physiologic NMD substrates. These included an alternatively spliced PTC-bearing transcript, RPL3; transcripts with introns in their 3 0 UTR, SC35 1.6 kb and SC35 1.7 kb (two splicing isoforms); a transcript with a uORF, ASNS; and another bona fide NMD substrate with an unknown NMD-inducing feature, CARS. Our results demonstrated the existence of nasal epithelial cells in which NMD of all these analyzed transcripts was efficient and others in which the NMD was less efficient. Furthermore, downregulation of NMD increased the level of CFTR nonsense transcripts and led to enhanced CFTR chloridechannel activity in response to gentamicin.
Here we have investigated the possibility that variability in NMD efficiency is a more generalized phenomenon, and is not restricted to nasal epithelial cells. We demonstrate that the same PTC can elicit NMD with variable efficiencies when comparing two different epithelial cell lines, HeLa and MCF7. HeLa cells are derived from cervical carcinoma, whereas MCF7 are derived from breast adenocarcinoma. Variability in NMD efficiency was found for two different transcripts carrying disease-causing PTCs: CFTR constructs carrying the W1282X nonsense mutation and b-globin transcripts carrying the NS39 nonsense mutation. Variability was also found for five endogenous physiologic NMD substrates: RPL3; SC35 1.6 kb; SC35 1.7 kb; ASNS; and CARS. Altogether, our results suggest that the efficiency of NMD is an inherent character of cells. Furthermore, variability in the efficiency of NMD is a general phenomenon and is not restricted to nasal epithelial cells.
Materials and methods

Cell cultures
The human cell lines investigated in the study were of epithelial origin: HeLa, which was derived from cervical carcinoma and MCF7 from breast adenocarcinoma. The cell lines were grown in DMEM supplemented with 10% fetal calf serum.
Plasmid construction
Complete CFTR cDNA was inserted into pCMVbeta vector (ATCC), in which sequences of the beta-gal were deleted. We connected three PCR fragments generated from DNA extracted from a healthy individual carrying wild-type (WT) CFTR alleles. The PCR fragments contained exons 20 and part of its downstream intronic sequence (264 bp), exon 21 and part of its flanking introns (240 bp at intron 20 and 289 bp at intron 21) and exon 22 and part of its upstream intronic sequence (260 bp). The CFTR mutant construct was generated using the same cloning approach on DNA extracted from an individual homozygous for the W1282X mutation. Both constructs were sequenced and asides from the W1282X mutation no variation was identified in all exons and 199 bp of each intron.
b-Globin WT and mutant (NS39) constructs were described previously. 8 An elongated human b-globin gene (wt300 þ e3) served as a control for transfection efficiency in all experiments, as described previously.
9
Transfections Transfections were performed by using an electroporation protocol (described in Agami and Bernards 10 ) or by calcium-phosphate precipitation with standard methods. Similar transcript levels were obtained by using either of these transfection methods. The CFTR transfections were performed with either WT or mutant construct together with a plasmid encoding GFP (pEGFP, Clontech) for normalization. The b-globin transfections were performed with either WT or mutant construct, together with wt300 þ e3 construct for normalization. Transfections were performed using 1 or 2 mg of construct. The results showed no difference in transcript level with the different amounts of construct, excluding the possibility that transfection efficiency led to variability in transcript levels among the cell lines. Experiments were repeated at least three times.
RNA analysis
Total RNA was extracted using the RNeasy extraction kit (Qiagen) or Tri-Reagent-LS (MRC). RNA-less and reversetranscriptase-less reactions were used as controls. For quantification of CFTR W1282X transcript levels in HeLa and MCF7 cells, which had been transfected with the CFTR constructs, we performed real-time PCR in the LightCycler (software version 3.5), using a FastStart DNA Master SYBR Green I kit (Roche Diagnostics). A GFP plasmid was used as a reference for transfection efficiency in each cell line. The level of mRNA transcribed from the WT or W1282X CFTR construct was normalized to the mRNA level of GFP. Subsequently, the ratio between the normalized mRNA level transcribed from the mutant and the WT constructs following cycloheximide (CHX) treatment was calculated and compared with this ratio in untreated cells. Sequence of the primer pairs are as follows: for pCFTR: forward (exon 20) ATGGTGTGTCTTGGGA, reverse (exon 22) ACAAGGA CAAAGTCAAGC; for pEGFP: forward GCAACTACAA GACCCGC, reverse GTCGGCCATGATATAGACG. For each pair of primers, a standard curve was performed and annealing temperature was optimized in order to exclude PCR artifacts. Moreover, we included in the analysis only experiments in which the standard curves were as expected, to ensure accurate quantification. For quantification of b-globin NS39 transcript levels in HeLa and MCF7 cells, transfected with the b-globin constructs, we performed Northern Blots with 1.5 -5 mg of Variability in NMD efficiency L Linde et al total cytoplasmic RNA according to standard protocols. Northern blots of total cytoplasmic RNA of transfected cells were probed with a b-globin-specific radiolabeled antisense cRNA. The control b-globin plasmid (wt300 þ e3) was used as a reference for transfection efficiency in each cell line. The level of mRNA transcribed from the WT or NS39 b-globin construct was normalized to the mRNA level of the b-globin wt300 þ e3 construct. Subsequently, the ratio between the normalized mRNA level transcribed from the mutant and the WT constructs following NMD inhibition was calculated and compared with this ratio in untreated cells.
The quantification of physiologic NMD substrates: RPL3; SC35 1.6 kb; SC35 1.7 kb; ASNS; and CARS, was performed as was previously described 7 and as mentioned in the legend of Figure 3 .
NMD inhibition
We indirectly inhibited NMD by treating the cells with 200 mg/ml CHX (Sigma) for 5 h. We directly inhibited NMD by using short-interfering RNA (siRNA) directed against UPF1. siRNA oligos for silencing UPF1 expression (Dharmacon) were those described by Mendell et al. 11 siRNA oligo for luciferase (Dharmacon) was described by Gehring et al. 12 Transfection conditions were described previously. 12 Experiments were repeated at least three times.
Western blots
Total proteins (20 -40 mg) were extracted from the different cell lines and were subjected to SDS-PAGE as was described previously. 12 These proteins were probed with antibodies against UPF1 and tubulin.
Results
In order to investigate whether variability in NMD efficiency is a general phenomenon or restricted to nasal epithelial cells, we analyzed NMD efficiency in differently derived epithelial cells, HeLa and MCF7. We analyzed the efficiency of NMD for two different transcripts carrying disease-causing PTCs: CFTR constructs carrying the CFcausing PTC W1282X and the b-globin constructs carrying the b-thalassemia-causing PTC NS39. We also studied five endogenous physiologic NMD substrates: RPL3; SC35 1.6 kb; SC35 1.7 kb; ASNS; and CARS. In our previous study, we analyzed the efficiency of NMD for endogenous CFTR transcripts carrying the W1282X nonsense mutation, in nasal epithelial cells derived from CF patients. As HeLa and MCF7 cells do not express CFTR gene, we transfected them with CFTR constructs carrying the W1282X PTC, which is located 455 nucleotides upstream to the final exon -exon junction, or the normal sequence (WT) (Figure 1a) . We examined the levels of transfected W1282X transcripts following treatment with CHX, a general inhibitor of translation elongation and as NMD is a translation-dependent mechanism, CHX treatment leads indirectly to inhibition of NMD. 13 A GFP plasmid was used as a reference for transfection efficiency in each cell line. The levels of mRNA transcribed from the WT or W1282X CFTR construct was normalized to the mRNA level of GFP. Subsequently, the ratio between the normalized mRNA levels transcribed from the mutant and the WT constructs following CHX treatment was calculated and compared with this ratio in untreated cells. The analysis showed that the fold increase differed between the cell lines such that in MCF7, a modest increase in the level was observed (1.370.03-fold), whereas in HeLa cells, the increase was B2.5 higher (3.270.27-fold) (Figure 1b) . These results suggest that in MCF7 cells, the NMD of CFTR transcripts carrying the W1282X PTC is inefficient, as the transcript level showed only a marginal increase following the NMD indirect inhibition. The results further indicate that the NMD efficiency of CFTR might vary between different epithelial cell lines. We then analyzed the efficiency of NMD of b-globin constructs carrying the NS39 PTC or the normal sequence (WT) (Figure 2a 
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L Linde et al NS39 transcripts were analyzed following transfection of the constructs and NMD inhibition. As a reference for transfection efficiency, we co-transfected the b-globin constructs with another b-globin construct, which included the normal sequence and a 300 bp exon (wt300 þ e3, control). The level of mRNA transcribed from b-globin constructs, carrying either the normal sequence or the NS39 PTC, was normalized to the mRNA level of the control construct. Subsequently, the ratio between the normalized mRNA level transcribed from the mutant and the WT constructs following NMD inhibition was calculated and compared with this ratio in untreated cells.
Following CHX treatment, no increase in the level of NS39 transcripts was observed in MCF7 cells, whereas in HeLa cells a significant increase (4.470.20-fold) was observed (Figure 2b ), similar to the variable effect of CHX on the level of CFTR W1282X transcripts in these cell lines. Subsequently, we inhibited NMD in these cells by siRNA duplexes against UPF1, a key factor that operates in the NMD machinery. As a control, we analyzed the effect of luciferase siRNA duplexes. Western blot analysis showed a sequence-specific and a very efficient downregulation of UPF1 expression in both HeLa and MCF7 cells (Figure 2c ). The mRNA quantification results showed a similar effect to (Figure 2d ). It is important to note that most of the knowledge regarding NMD mechanism comes from studies of the NS39 b-globin construct in HeLa cells. The increase in the level of NS39 b-globin transcripts found in our study in HeLa cells (B3 to 4.5-fold) following UPF1 downregulation is similar to that found in previous studies. 8, 14, 15 Together, these results show that the NMD efficiency of b-globin transcripts might vary between different cell lines, similar to the variability found for the CFTR in these cells. Specifically, both the CFTR and b-globin transcripts were more efficiently degraded in HeLa than in MCF7 cells.
We further extended our analysis in HeLa and MCF7 cells and studied the efficiency of NMD for physiologic NMD substrates following CHX treatment or downregulation of UPF1. The NMD physiologic substrates included RPL3; SC35 1.6 kb and SC35 1.7 kb; ASNS; and CARS. For all five analyzed transcripts, the results show an increase in the level following CHX treatment, which widely varied between the cells (Figures 3a -e and 4) . In MCF7 cells, the increase in the level of each analyzed transcripts was significantly lower than that found in HeLa cells. Similar results were found following UPF1 downregulation (Figures 3f -j and 4 and Figure 4a with Figure 4b ). It is interesting to note that the consistent results, which were obtained by NMD inhibition using CHX treatment or UPF1 siRNA in HeLa and MCF7 cells, emphasize that variable uptake or metabolism of CHX between these two cell lines is not likely the basis for variability in NMD efficiency. The 0.7-fold increase following UPF1 downregulation in MCF7 cells for RPL3 and SC35 1.7 kb transcripts is within the experimental variability, and indicates no increase in the level of these transcripts. It is important to note that the fold increase following CHX treatment was significantly higher than that observed following UPF1 downregulation (compare Figure 3a - It is important to note that variability in NMD efficiency might have a role as a genetic modifier of different cellular functions. Our previous study showed an important role for NMD efficiency in the response to readthrough treatment and demonstrated the effect of variable NMD efficiency on the response. Following treatment with 50-200 mg/ml gentamicin, concentration-dependent chloride efflux was detected in CFP15a cells, whereas in IB3-1 cells no significant activation was observed. Only following downregulation of UPF1 together with high gentamicin concentrations (100 and 200 mg/ml), an impressive CFTR activation was observed in IB3-1 cells, whereas in CFP15a cells downregulation of UPF1 or UPF2 in the presence of gentamicin at all concentrations, resulted in an improved chloride-channel activity compared with gentamicin alone. Variable efficiency of NMD can also affect disease severity in the cases of truncated proteins either by gainof-function or dominant-negative effects. This may explain the phenotypic variability among patients of Duchenne muscular dystrophy (severe) and Becker muscular dystrophy (mild), carrying the same PTC in the dystrophin gene. 20 Variable efficiency of NMD can also alter the pattern of inheritance of mendelian diseases. A well-known example is the b-thalassemia in which PTCs at the 5 0 of the b-globin gene trigger NMD and thus lead to a recessive trait of b-thalassemia, 21, 22 whereas PTCs at the 3 0 does not generally trigger NMD and thus lead to dominant form of the disease. 23 -25 To summarize, our study provide evidence for variable NMD efficiency among cells from the same cell type, and even from the same tissue, as a general phenomenon and an inherent character of a given cell. Thus, NMD might have a role as a genetic modifier and hence the outcome of many studies in human genetic diseases has to be considered in this light. Variability in NMD efficiency L Linde et al
